Despite 35 years of clinical trials, there is little improvement in 1-year survival rates for patients with metastatic melanoma, and the disease is essentially untreatable if not cured surgically. The paucity of chemotherapeutic agents that are effective for treating metastatic melanoma indicates a dire need to develop new therapies. Here, we found a previously unrecognized role for c-Abl and Arg in melanoma progression. We demonstrate that the kinase activities of c-Abl and Arg are elevated in primary melanomas (60%), in a subset of benign nevi (33%) and in some human melanoma cell lines. Using siRNA and pharmacological approaches, we show that c-Abl/Arg activation is functionally relevant because it is required for melanoma cell proliferation, survival and invasion. Significantly, we identify the mechanism by which activated c-Abl promotes melanoma invasion by showing that it transcriptionally upregulates matrix metalloproteinase-1 (MMP-1), and using rescue approaches we demonstrate that c-Abl promotes invasion through a STAT3-MMP-1 pathway. Additionally, we show that c-Abl and Arg are not merely redundant, as active Arg drives invasion in a STAT3-independent manner, and upregulates MMP-3 and MT1-MMP, in addition to MMP-1. Most importantly, c-Abl and Arg not only promote in vitro processes important for melanoma progression, but also promote metastasis in vivo, as inhibition of c-Abl/Arg kinase activity with the c-Abl/Arg inhibitor, nilotinib, dramatically inhibits metastasis in a mouse model. Taken together, these data identify c-Abl and Arg as critical, novel, drug targets in metastatic melanoma, and indicate that nilotinib may be useful in preventing metastasis in patients with melanomas harboring active c-Abl and Arg.
Introduction
Melanoma diagnoses are increasing faster than any other cancer (Berwick et al., 2009) . Although melanoma represents 5-7% of all skin malignancies, it accounts for over 75% of skin cancer-related deaths (Berwick et al., 2009) . The mean survival time from the appearance of distant metastases is 6-9 months, and only 5% of patients survive longer than 1 year (Mouawad et al., 2009) . Many chemotherapeutic regimens have been tried in patients with metastatic melanoma; however, none has a greater than 5% success rate or extends survival to more than 10 months, indicating a dire need to develop new therapies (Hodi et al., 2010) . Melanomas are divided into subtypes based on sun exposure and location: chronic exposure (face), intermittent (trunk, arms, legs), minimal exposure (palms and soles) and mucosal membranes (Kabbarah and Chin, 2005) . Melanomas also are classified as radial growth phase (RGP), vertical growth phase (VGP) or metastatic (Clark et al., 1984) . RGPs are confined to the basement membrane, whereas VGPs have nests of cells that invade the dermis (Clark et al., 1984) . Fifty percent of melanomas develop from dysplastic nevi (Shepherd et al., 2010) . Melanoma subtypes contain distinct molecular alterations. B-Raf mutations are frequent in benign nevi, in melanomas from skin that is intermittently exposed to the sun, and in VGPs rather than RGPs (Maldonado et al., 2003; Kabbarah and Chin, 2005) . By contrast, c-Kit mutations are more frequent in melanomas from mucosal and acral (hands and feet) areas (Kabbarah and Chin, 2005; Smalley et al., 2009) . Drugs targeting B-Raf or c-Kit show promise for treating malignant melanoma (Flaherty et al., 2010; Satzger et al., 2010) .
Matrix metalloproteinases (MMPs) are secreted by stromal and tumor cells as zymogens, which are cleaved by proteases to their active forms, and secretion of MMPs at the site of the progressing tumor promotes progression (Brinckerhoff et al., 2000) . Interstitial collagenases cleave collagen type-I, II and III (MMP-1, ; gelatinases cleave type-IV collagen (MMP-2 and MMP-9); stromelysins (MMP-3 and MMP-10) cleave non-collagen matrices and contribute to activation of the collagenases and MMP-9; and membrane MMPs (for example, MT1-MMP) cleave and activate other MMPs (MMP-2 and MMP-13), and also have some collagenase activity (Brinckerhoff et al., 2000) . MMP-1 activity is frequently increased in advanced cancers, and its expression is negatively correlated with patient survival (Brinckerhoff et al., 2000) . In melanomas, acquisition of the VGP phenotype is dependent on MMP expression; MMP-1 is expressed in VGPs, and MMP-1 activity is required for melanoma invasion and metastasis (Blackburn et al., 2009) . MMP expression is regulated by many transcription factors, including nuclear factor-kB, activator protein 1 (AP-1), Ets and STAT3 (Fanjul-Fernandez et al., 2010) . STAT3 is often constitutively activated in melanoma, and promotes survival, proliferation, invasion, VGP transition, angiogenesis and metastasis (Kortylewski et al., 2005) .
c-Abl and Arg are most known for their oncogenic role in leukemia, and drugs targeting oncogenic forms (for example, BCR-Abl) are successful in treating these diseases (Pendergast, 2001; Santos and Ravandi, 2009 ). Imatinib mesylate (STI571, Gleevec), a c-Abl/Arg inhibitor that also inhibits c-Kit and aand bplatelet-derived growth factor receptors (PDGFR-a,b), induces remission in chronic myelogenous leukemia, which express BCR-Abl (Druker et al., 2001) and in gastrointestinal stroma tumors, which express mutant c-Kit (DeMatteo, 2009) . Nilotinib, a second-generation drug, is effective for chronic myelogenous leukemia patients who develop resistance or cannot tolerate imatinib (Deininger, 2008) . We were the first to demonstrate that c-Abl and Arg also are activated in solid tumors (breast cancer, glioblastoma, MDA-MB-435s cells), downstream from constitutively activated receptor tyrosine kinases and Src kinases, and promote invasion and proliferation (Srinivasan and Plattner, 2006; Srinivasan et al., 2008 Srinivasan et al., , 2009 ). Arlinghaus and coworkers subsequently showed that c-Abl also is activated in non-small-cell lung cancer cells (Lin et al., 2007) and Maina and co-workers demonstrated that c-Abl is activated downstream from c-Met in gastric carcinoma cells (Furlan et al., 2011) . Several lines of evidence suggest that c-Abl and Arg may contribute to melanoma development/progression: (1) MDA-MB-435s, originally thought to be of breast origin, was recently identified as melanoma M14 (Rae et al., 2007) ; (2) imatinib inhibits the proliferation of some melanoma cell lines (Mayorga et al., 2006) . However, the activities of c-Abl and Arg were not examined, and the mechanism of STI571-mediated inhibition of proliferation was not determined (Mayorga et al., 2006) ; and (3) imatinib inhibits murine melanoma tumor growth in a model that lacks expression of c-Kit and PDGFR-a,b (Redondo et al., 2004; Ogawa et al., 2008) . These data prompted us to examine whether c-Abl and Arg have a role in human melanoma progression. Here, we demonstrate that c-Abl/Arg kinase activities are increased in primary melanomas and in some human melanoma cell lines; their activation is required for proliferation, survival and invasion; c-Abl and Arg promote melanoma invasion through distinct molecular pathways; and c-Abl and Arg drive melanoma metastatic progression. Therefore, c-Abl and Arg are important clinical targets in melanoma, and represent an unexplored avenue for targeted treatment.
Results

c-Abl and Arg are activated in human melanoma cell lines and in primary melanomas
Expression of c-Abl and Arg was dramatically elevated in all melanoma cell lines examined relative to primary melanocytes ( Figure 1a ). To determine whether c-Abl and Arg are activated in melanoma cell lines, their basal activities were directly assessed by in vitro kinase assay utilizing the known c-Abl/Arg target, Crk, as substrate (Plattner et al., 1999 (Plattner et al., , 2003 . Interestingly, several melanoma cell lines had high c-Abl and/or Arg activity (sbcl2, A375, WM3248, 435s/M14) ( Figure 1a ). With the exception of WM278, phosphorylation of Crk/CrkL, c-Abl/Arg targets, paralleled c-Abl/Arg activities ( Figure 1a ). To test whether c-Abl and Arg are activated in primary melanomas, we performed immunohistochemistry (IHC) on melanoma tissue microarrays (TMAs). Phospho-specific antibodies to c-Abl (Y412 and Y245) cross-react with phospho-PDGFR and phospho-EGFR, and thus, cannot be used to assess activity by IHC, and phospho-specific Arg antibodies are not available. Therefore, we stained melanoma TMAs with an antibody to the c-Abl/Arg phosphorylation sites (Y221/Y207) on c-Abl/Arg substrates, Crk and CrkL. We and others showed previously that Crk/CrkL phosphorylation on Y221/Y207 correlates with c-Abl/ Arg activity in cancer cell lines (Figure 1a ) (Srinivasan and Plattner, 2006; Yogalingam and Pendergast, 2008; Smith-Pearson et al., 2010) . An advantage to this approach is that activation of c-Abl and Arg can be assessed simultaneously. In normal skin, pCrk/CrkL staining was limited to the cytoplasm and nuclei of keratinocytes, and nuclei of lymphocytes ( Figure 1b ). Most benign nevi demonstrated weak nuclear pCrk/ CrkL staining (red); although some (33%) showed moderate-strong staining (score X1.4; score ¼ I Â P, where I ¼ Intensity (1 þ , 2 þ , 3 þ ) and P ¼ proportion of positively staining tumor cells; Figure 1b ). In primary melanomas, melanin (brown), if present, was localized in the cytoplasm, whereas pCrk/CrkL staining (red) was predominantly nuclear (Figure 1b ). Cores with extremely strong melanin expression were excluded owing to difficulty in scoring. Sixty percent (29/48) of melanomas had moderate-strong pCrk/CrkL staining as compared with 33% (6/18) of benign nevi and 47% (9/19) of lymph node metastases ( Figure 1b and Table 1) . Intense staining was observed in some melanomas from all subtypes; however, there was a trend toward a higher percentage of positive cases in melanomas from c-Abl and Arg in melanoma invasion and metastasis SS Ganguly et al chronically and intermittently sun-exposed skin and mucosal areas as opposed to those derived from minimally sun-exposed skin ( Figure 1c and Table 1 ).
In addition, there was a trend toward a higher percentage of melanomas with strong c-Abl/Arg activity in younger patients (p39) ( Figure 1c and Table 1 ). Previously, we showed that c-Abl and Arg promoted 435s/M14 invasion, whereas Arg alone induced proliferation (Srinivasan and Plattner, 2006; Srinivasan et al., 2008) . To determine whether c-Abl and Arg promote these processes in other melanoma cell lines, we studied WM3248 cells, which also contain highly active c-Abl and Arg (Figure 1a ). Consistent with our data in 435s/ M14 cells, silencing either c-Abl or Arg, with two different small interfering RNAs (siRNAs), dramatically reduced the matrigel invasion of WM3248 cells (Figure 2a ). Treatment with low-dose nilotinib (0.5 mM)
also reduced the invasion of melanoma cells containing highly active c-Abl/Arg (WM3248 and 435s/M14), whereas nilotinib had no effect in a cell line containing low c-Abl/Arg activity (WM278; Figure 2b ). Utilizing tritiated thymidine assays, we found that, unlike in 435s/ M14 cells where Arg alone promoted proliferation, both c-Abl and Arg were required for proliferation of WM3248 cells (Figure 2c ), whereas STI571 treatment inhibited proliferation/S-phase entry in both cell lines (Figure 2d , top) (Srinivasan et al., 2008) . Knockdown of c-Abl and Arg was highly efficient in both cell lines (Figure 2a , right) (Srinivasan and Plattner, 2006; Srinivasan et al., 2008) , and neither cell line expressed (Figure 2e ) (Srinivasan and Plattner, 2006) . A dose of 10 mM STI571 was used because this is the lowest dose required to inhibit c-Abl phosphorylation/activity (65-75%) (Srinivasan and Plattner, 2006) . Melanoma proliferation/S-phase entry also was efficiently inhibited by nilotinib, and a concentration of 0.5 mM inhibited proliferation slightly better than 10 mM STI571 in 435s/M14 cells, and dramatically better than STI571 in WM3248 cells (Figure 2d , top). Nilotinibmediated inhibition of proliferation correlated with the level of c-Abl/Arg activity and the number of nilotinib targets expressed in melanoma cell lines ('Score') ( Table 2 and Figure 2d , middle). Interestingly, proliferation of WM278 was modestly inhibited by nilotinib, which was consistent with pCrk/CrkL levels but not with c-Abl/Arg kinase activities. These data indicate that in this cell line, pCrk/CrkL may be more indicative of the potential antiproliferative response to nilotinib than c-Abl/Arg activity, perhaps owing to the fact that these cells express PDGFR-b, a nilotinib target (Figure 2e ). Nilotinib efficiently inhibited the phosphorylation of the c-Abl/Arg downstream targets, Crk/CrkL, in all melanoma cell lines; however, nilotinib was slightly more effective in cell lines with the highest c-Abl/Arg activity (Figure 2d, bottom) . Activated c-Abl and Arg also prevented poly(ADP-ribose) polymerase (PARP) and caspase-3 cleavage following prolonged nutrient deprivation, indicating a role for c-Abl and Arg in melanoma cell survival (Figure 2f ).
c-Abl and Arg induce transcriptional upregulation and activation of MMPs in melanoma cells
As invasion is critical for metastasis, and c-Abl and Arg dramatically promoted the invasion of melanoma cells, we focused on identifying the mechanism of c-Abl/Argdependent invasion. Acquisition of the invasive, VGP phenotype in melanoma cells is dependent on MMP expression. Using semi-quantitative reverse transcription (RT)-PCR, we found that MMP-1, MMP-3 and MT1-MMP were expressed in 435s/M14 cells, whereas MMP-2 was not (data not shown). Significantly, expression of MMP-1, MMP-3 and MT1-MMP contributed to the invasiveness of 435s/M14 cells, as silencing any one MMP significantly reduced invasion, although MT1-MMP had a less prominent role ( Supplementary Figure 1) . As c-Abl and Arg also potently promote invasion, we determined whether they regulate MMP expression. Significantly, c-Abl and Arg induce MMP-1 transcription by activating STAT3 Like MMPs, STAT3 also has a critical role in the progression of melanomas from RGP to VGP, and increases MMP-1 expression in bladder and colon cancer cells (Itoh et al., 2006; Tsareva et al., 2007) . Using STI571 and siRNA approaches, we showed that c-Abl and Arg activate STAT3 in 435s/M14 cells (Srinivasan et al., 2008) . STI571 and silencing c-Abl also efficiently inhibited STAT3 phosphorylation in WM3248 cells (Figure 4a ). To confirm that c-Abl and Arg activate STAT3, we tested whether they induce STAT3 phosphorylation in a heterologous system. High-level overexpression of wild-type c-Abl in 293T cells activates its kinase activity (Pendergast et al., 1991) . We found that expression of wild-type c-Abl or constitutively active c-Abl or Arg (PP) induced the tyrosine phosphorylation of Flag-tagged STAT3 when co-expressed in 293T cells (Figure 4b ). STAT3 is known to be phosphorylated by Src and JAK kinases; however, STI571 treatment had no effect on Jak-1,2 or Src phosphorylation in 435s/M14 cells, indicating that c-Abl and Arg induce STAT3 phosphorylation independent of these proteins (Kortylewski et al., 2005; Srinivasan and Plattner, 2006; Srinivasan et al., 2008) . As Src and c-Abl/Arg phosphorylate many of the same substrates The level of c-Abl/Arg activities (Figure 1 ) and presence of other nilotinib targets were tabulated, and þ 's were added together to create a 'Score'. The outcome of tritiated thymidine incorporation assays using nilotinib (0.5 mM) is also shown. An inverse correlation between the number of nilotinib targets and tritiated thymidine incorporation is shown in Figure 2d .
c-Abl and Arg in melanoma invasion and metastasis SS Ganguly et al (Boyle et al., 2007) , we investigated whether c-Abl and Arg directly phosphorylate STAT3. We immunoprecipitated constitutively active c-Abl and Arg from transfected 293T cell lysates, and assayed their ability to phosphorylate glutathione S-transferase (GST)-STAT3 by in vitro kinase assay. Surprisingly, c-Abl and Arg did not appreciably phosphorylate STAT3 in vitro ( Supplementary Figure 3) , indicating that they indirectly induce STAT3 phosphorylation through an as yet unidentified tyrosine kinase. As c-Abl and Arg promote the activation of MMPs and STAT3, and MMP-1 has STAT3-binding sites in its promoter, we investigated whether c-Abl/Arg upregulate MMP-1 through a STAT3-dependent mechanism by using semi-quantitative RT-PCR. Significantly, MMP-1 mRNA levels were reduced following silencing STAT3
( Figure 4c) , and expression of a constitutively active form of STAT3 (STAT3C) rescued the inhibition of MMP-1 transcription induced by STI571 treatment (Figure 4d ). Taken together, these data indicate that STAT3 lies in a signaling pathway between c-Abl/Arg and MMP-1.
c-Abl promotes melanoma invasion through a STAT3-MMP-1 pathway, whereas Arg drives invasion in a STAT3-independent manner through MMP-1 and MMP-3 Silencing either c-Abl or Arg potently inhibited the invasion of 435s/M14 and WM3248 melanoma cell lines, demonstrating that both kinases are required for melanoma invasion (Figure 2a ) (Srinivasan and Plattner, 2006) . As silencing STAT3 also reduced invasion c-Abl and Arg in melanoma invasion and metastasis SS Ganguly et al (Figure 5a ), we tested whether c-Abl and Arg promote invasion in a STAT3-dependent manner. Significantly, expression of STAT3C rescued the block in invasion induced by silencing c-Abl but not Arg, indicating that c-Abl alone promotes invasion through STAT3 (Figures 5b and c) . To determine which MMPs mediate c-Abl and Arg-dependent invasion, we performed a series of rescue experiments. Modest constitutive expression of MMP-1 or addition of recombinant MMP-1 partially (45-50%) rescued the block of invasion induced by silencing c-Abl or Arg (Figures 5d and  e) , and recombinant MMP-3 partially (41%) rescued the inhibitory effect of the Arg siRNA on invasion (Figure 5f ). c-Abl and Arg were efficiently silenced in vector-and MMP-1-transfected cells ( Supplementary  Figure 4) . Thus, c-Abl and Arg mediate invasion through distinct mechanisms: c-Abl promotes STAT3dependent invasion, in part, through MMP-1, whereas, Arg promotes STAT3-independent invasion through MMP-1 and MMP-3.
As STAT3 also promotes the proliferation and survival of melanoma cells (Kortylewski et al., 2005) , we tested whether the effects of c-Abl and/or Arg on proliferation or survival are STAT3-dependent. Although silencing STAT3 decreased proliferation as measured by tritiated thymidine assay ( Supplementary  Figure 5a) , expression of constitutively active STAT3C did not rescue the Arg siRNA-mediated inhibition of Figure 5b) , and only partially (30-40%) rescued STI571-mediated PARP cleavage following prolonged nutrient deprivation ( Supplementary Figure 5c) . Therefore, c-Abl alone mediates invasion through STAT3; Arg promotes proliferation and invasion in a STAT3-independent manner, and c-Abl and Arg prevent PARP cleavage in nutrient-deprived conditions, in part, through a STAT3dependent pathway.
c-Abl and Arg promote melanoma metastasis
To test whether c-Abl and Arg promote melanoma metastatic progression, we utilized an experimental metastasis model, in which melanoma cells are introduced intravenously into immune-compromised mice, and the ability of cells to metastasize to the lungs is assessed. c-Abl and Arg promote invasion, proliferation and survival in the absence of nutrients, in vitro, processes, which are required for metastasis (intravasation/extravasation, survival in the bloodstream and growth and survival at the ectopic site). Therefore, to test whether active c-Abl and Arg drive melanoma metastasis, green fluorescent protein (GFP)/luciferaselabeled human melanoma cells were injected intravenously into SCID-beige mice; the mice were treated with vehicle or STI571 and metastasis was measured by IVIS imaging. STI571 treatment induced significant toxicity in young mice, necessitating a dose reduction, and had no effect on metastasis in a pilot experiment (data not shown). As the second-generation drug, nilotinib, is more specific for c-Abl and Arg, more potent (Figure 2d ) and less toxic (Deininger, 2008) , we initiated c-Abl and Arg in melanoma invasion and metastasis SS Ganguly et al a similar study with nilotinib. Significantly, using IVIS imaging, we demonstrate that metastasis was dramatically inhibited in mice treated with nilotinib as compared with vehicle-treated mice (Figures 6a-c) . In addition, pathological examination of the lungs revealed that the small, infrequent lesions found in the lungs of a mouse that responded to nilotinib (mouse #9) had reduced c-Abl/Arg activity (phospho-Crk/CrkL staining) as compared with vehicle-treated mice (Figure 6d , mice #4 and 5). By contrast, in the numerous metastases from a mouse that did not respond to nilotinib (mouse #10), c-Abl/Arg activity was only minimally suppressed (Figure 6d, left) . In addition, c-Abl/Arg kinase activities were inversely correlated with IVIS fluorescence in all nilotinib-treated mice (Figure 6d, right) . Taken together, these data demonstrate that the antimetastatic capability of nilotinib is linked to inhibition of c-Abl/Arg kinase activity, and show for the first time, that active c-Abl and Arg not only promote in vitro processes associated with metastatic progression, but also promote metastasis, in vivo.
In addition, nilotinib is a less toxic, more active agent than imatinib/STI571 for inhibiting c-Abl/Arg-dependent melanoma metastatic progression.
Discussion
This is the first demonstration that the kinase activities of c-Abl and Arg are elevated in primary melanomas (60%), benign nevi (33%) and in multiple human melanoma cell lines. c-Abl/Arg activation was significantly more frequent in melanomas than in benign nevi. A subset of nevi did contain high c-Abl/Arg activity; however, the percentage was much lower than the prevalence of B-Raf mutations in nevi (82%) (Kong et al., 2010) . By contrast, the percentage of melanomas containing high c-Abl/Arg activity approximated the prevalence of B-Raf mutations in melanomas (60 versus 66%) (Kong et al., 2010) . These data indicate that, unlike B-Raf, Abl kinases are unlikely to be involved in melanoma initiation. It is possible that nevi containing active c-Abl and Arg are more likely to progress to melanomas than nevi lacking active c-Abl and Arg; c-Abl and Arg in melanoma invasion and metastasis SS Ganguly et al however, we are unable to test this hypothesis owing to lack of clinical data. Interestingly, the presence of B-Raf mutations in benign nevi is not predictive of progression, likely owing to its role in promoting senescence (Maldonado et al., 2003; Lin et al., 2010) . We observed high c-Abl/Arg activity in melanomas from all sun-exposure subtypes, although there was a trend toward a lower percentage of positive cases in melanomas from minimally sun-exposed skin. c-Kit is often activated in mucosal melanomas, and some melanomas with activated c-Kit respond to imatinib, whereas others do not (Kabbarah and Chin, 2005; Smalley et al., 2009; Satzger et al., 2010) . As c-Abl and Arg are activated in some melanomas from mucosal areas, activated c-Abl and/or Arg and mutated c-Kit may occur simultaneously in some melanomas. Therefore, response to imatinib may depend on the activation status of c-Abl and Arg (that is, melanomas that have c-Kit mutations and c-Abl and/or Arg activation may be more sensitive to imatinib owing to activation of more than one imatinib target). We demonstrate here that c-Abl and Arg are both required for the invasive capacity of two human melanoma cell lines, and they induce STAT3 phosphorylation and increase MMP expression/activation. As activation of STAT3 and MMPs is critical for converting non-invasive RGP melanomas to invasive VGPs, c-Abl and Arg also are likely to have a critical role in this process. Interestingly, although STAT3 and c-Abl and Arg promote the proliferation and invasion of melanoma cells, STAT3 only mediates c-Abl-dependent invasion, and is not involved in Arg-dependent invasion or proliferation. We also report for the first time, that c-Abl and Arg signal through distinct pathways to mediate the same biological outcome, indicating that the two proteins are not merely redundant.
A recent report demonstrated that silencing c-Abl and Arg inhibited gelatinase activity in mouse NIH3T3 fibroblasts and MDA-MB-231 breast cancer cells; however, the mechanism was not clear (Smith-Pearson et al., 2010) . c-Abl and Arg interacted with and induced the phosphorylation of MT1-MMP following overexpression in 293T cells, and silencing Arg inhibited MT1-MMP plasma membrane localization in cells that overexpress activated Src. Thus, the authors suggested that c-Abl/Arg-dependent phosphorylation of MT1-MMP promotes its membrane localization/activity. However, endogenous Abl/MT1-MMP complexes and Abl-dependent tyrosine phosphorylation of endogenous MT1-MMP were not demonstrated in untransfected human cancer cells. Here, we identify the mechanism by which endogenous Arg increases endogenous MT1-MMP activity in human melanoma cells by demonstrating that Arg but not c-Abl increases MT1-MMP expression and activity by increasing its transcription.
There is controversy in the literature regarding the role of c-Abl in solid tumors. Whereas we and others show that c-Abl and Arg are activated in some solid tumor cells, and promote invasion, proliferation, survival, PDGF-induced epithelial-mesenchymal transition and transforming growth factor-b-induced anchorage-independent growth (Srinivasan and Plattner, 2006; Lin and Arlinghaus, 2008; Sirvent et al., 2008; Srinivasan et al., 2008 Srinivasan et al., , 2009 Smith-Pearson et al., 2010; Furlan et al., 2011) , other groups suggest that c-Abl prevents invasion, inhibits transforming growth factor-b-induced epithelial-mesenchymal transition and abrogates tumorigenesis (Allington and Schiemann, 2011) . In studies showing a positive role for c-Abl and Arg in invasion and proliferation, such as those described here, inhibition of c-Abl and/or Arg in cells expressing highly active forms of c-Abl and Arg (owing to activation downstream of constitutively active receptor tyrosine kinases and Src kinases or following loss of expression of a negative regulator) abrogated invasion and proliferation in response to growth factors or serum (Srinivasan and Plattner, 2006; Lin and Arlinghaus, 2008; Sirvent et al., 2008; Srinivasan et al., 2008 Srinivasan et al., , 2009 Li et al., 2010; Smith-Pearson et al., 2010; Furlan et al., 2011; Mader et al., 2011) . By contrast, in studies demonstrating a negative role for c-Abl, researchers inhibited c-Abl in cells with low/basal activity (or it was never analyzed), or they examined the role of c-Abl following stimulation with a factor that inhibits invasion, proliferation and tumorigenesis (for example, ephrin-B2/EphB4) (Noren et al., 2006; Allington et al., 2009; Allington and Schiemann, 2011) . Other differences include (1) the use of mouse rather than human cells; (2) overexpression of a mutated, constitutively active form of c-Abl, which does not exist naturally in solid tumor cells, in the absence of other molecular alterations normally present in invasive tumor cells; (3) use of kinase-dead c-Abl, which may not act as a dominant negative as it also has scaffolding functions; (4) lack of examination of the effect of Arg in combination with c-Abl, as Arg activation may modulate c-Abl effects; (5) use of extremely high doses of STI571/imatinib (17-50 mM) for in vitro studies, which are likely to have significant off-target effects; and (6) use of low STI571/imatinib doses, administered only once daily, for in vivo studies (Allington et al., 2009) . It also was suggested that clinical trials using imatinib for the treatment of solid tumors have failed because c-Abl and Arg inhibit rather than promote tumorigenesis (Allington and Schiemann, 2011) . However, it is important to note that in all of these studies, treatment was not restricted to patients containing tumors with highly active c-Abl and/or Arg (Allington and Schiemann, 2011) . Therefore, it is clear that one must identify tumors containing highly active c-Abl and/or Arg, and utilize inhibitors only for this population, as treatment of tumors with low activity may have no effect or may even promote tumorigenesis and metastasis. This is the first demonstration that active c-Abl and Arg dramatically promote the metastasis of human cancer cells. Thus, the c-Abl/Arg-dependent effects that we observed on the in vitro characteristics of melanoma metastatic progression were recapitulated in vivo. Our data predict that metastatic progression of melanomas containing active c-Abl and Arg should be inhibited by anti-Abl therapies. However, in clinical trials using untargeted populations of melanoma patients, imatinib was ineffective (Ugurel et al., 2005; Hofmann et al., 2009) . There are two possible explanations for these results: (1) c-Abl and Arg may not be activated in melanomas from the non-responding patients (described above), and/or (2) imatinib concentrations needed to effectively inhibit c-Abl and Arg were not achieved. Chronic myelogenous leukemia patients in blast crisis are treated with 600 mg/day STI571, which results in C max plasma concentrations of 12-13 mM, and patients with gastrointestinal tumors expressing c-Kit receive 800 mg/day (le Coutre et al., 2004; Candelaria et al., 2005) . Therefore, a plasma concentration of 10 mM should be able to be achieved in the clinic. However, here we demonstrate that, although imatinib and nilotinib both inhibited Abl-dependent processes in vitro, only nilotinib inhibited metastasis, in vivo. This may be because imatinib was toxic to young animals, requiring a dose reduction, likely resulting in suboptimum plasma concentrations levels. As nilotinib is more potent and selective for c-Abl/Arg and less toxic (Deininger, 2008) , higher plasma concentrations are likely to have been achieved, resulting in more effective inhibition of c-Abl/Arg kinase activity and dramatic abrogation of metastasis. As low-level phospho-Crk/ CrkL staining was observed in small, infrequent metastatic lesions from animals that responded to nilotinib, the plasma nilotinib concentration still may not be high enough to completely abrogate c-Abl/Arg activity, and a higher plasma concentration is likely to increase nilotinib's antimetastatic effects. In summary, our data demonstrate that c-Abl and Arg are important clinical targets in melanoma, and indicate that nilotinib may be an effective agent for inhibiting metastatic disease in patients with melanomas containing activated c-Abl and Arg.
